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The α-angelica lactone polyester modified during polymerization with styrene has physicomechanical properties similar to those of general-purpose polystyrene, and can biodegrade in grey forest soil (Haplic Greyzem) [8] .
Furan-2,5-dicarboxylic acid (FDCA) is a promising potentially versatile product obtained by oxidation of 5-hydroxymethylfurfural, itself a product of acid-catalyzed hexose carbohydrate conversion.
FDCA is considered as a renewable feedstock for production of poly(ethylene furandicarboxylate)-PEFDC-a polymer analogous to polyethylene terephthalate [9] .
Polyethylene furandicarboxylates are quite resistant to biodegradation. However, FDCA-based polyesters are generally expected to be biodegradable [10] [11] [12] [13] . Polymers structurally equivalent to PEFDC made with butandiol-1,4, as well as copolymers with adipic acid are more prone to biologically decompose [10] . Although if the FDCA portion of the acid component in a copolymer poly(butylene adipate -co -butylene furandicarboxylate) is 75-100 mol. %, then this polymer becomes impervious to destruction by porcine pancreatic lipase [10] .
The goal of the present work is synthesis and comparison of properties (including biodegradability) of poly(ethylene furandicarboxylate) and its copolymers with poly(angelica lactone).
Experimental
α-angelica lactone (98 %, Alfa Aesar), hereinafter αAL, prior to use was distilled under vacuum (P = 12 Torr, T = 328 K) with consequent fractional melt crystallization.
Furan-2,5-dicarboxylic acid was synthesized according to a method described elsewhere [14] .
Poly(α-angelica lactone), hereinafter PAL, was synthesized by anionic polymerization of aAL in the presence of sodium butoxide according to a method described earlier [4] . Molar masses and polydispersity n=M w /M n of the obtained polymerization products were estimated by viscometry (Ostwald viscometers, capillary diameters 0.12 and 0.56 mm, solvent-mixture of trifluoroacetic acid and 1,2-dichloroethane, 2:1 by volume) and cryoscopy (in benzophenone).
NMR spectra were recorded with a Bruker AVANCE III 600 (Centre for Collective Use, Federal
Research Center "Krasnoyarsk Science Center SB RAS") at 600 MHz operating frequency.
Synthesis of bis(2-hydroxyethyl) furan-2,5-dicarboxylate. A 250 ml Erlenmeyer flask was loaded with ethylene glycol (100 ml), FDCA (5.165 g, 33.1 mmol), and hydrochloric acid (12 ml of 30.4 % solution, 120 mmol). This produced a brown-colored solution.
This solution was kept at 90 °C for 12 hours, while agitated with a magnetic stirrer. Afterwards, the solution was neutralized by sodium hydroxide (saturated solution in ethylene glycol). The excess of ethylene glycol was removed from the system by evaporation under vacuum. The molecular structure of α-angelica lactone dictates two possible polymerization pathways ( Fig. 1) : the double bond opening that leads to the polyfuranone (1), and the ring opening that leads to the polyester (2). However, α-angelica lactone polymerization via ring opening is of greater interest. This reaction proceeds in the presence of sodium hydroxide, sodium butoxide [4] , stannous octanoate [7] . The products of this reaction are capable of biodegradation [5] .
Furan-2,5-dicarboxylic acid (FDCA) is a promising potentially versatile product obtained by oxidation of 5-hydroxymethylfurfural, itself a product of acid-catalyzed hexose carbohydrate conversion. FDCA is considered as a renewable feedstock for production of poly(ethylene furandicarboxylate)-PEFDC-a polymer analogous to polyethylene terephthalate [9] .
Polyethylene furandicarboxylates are quite resistant to biodegradation. However, FDCAbased polyesters are generally expected to be biodegradable [10] [11] [12] [13] . Polymers structurally equivalent to PEFDC made with butandiol-1,4, as well as copolymers with adipic acid are more prone to biologically decompose [10] . Although if the FDCA portion of the acid component in a
The result was a viscous deeply colored liquid that did not crystallize at room temperature. This substance was dissolved in acetone at room temperature, impurities were filtered out, and the solvent was removed by evaporation under vacuum. Polymerization of bis(2-hydroxyethyl) furan-2,5-dicarboxylate [15] . A 50 ml round-bottom flask was loaded with thoroughly ground mixture of bis(2-hydroxyethyl) furan-2,5-dicarboxylate (6.50 g, 26.6 mmol) and antimony (III) oxide (65 mg, 0.223 mmol).
The mixture was processed under vacuum (≈ 2 Torr) with a magnetic stirrer agitation. First it was heated to 70 °C, then heated stepwise to 260 °C (step size 10 °C, rest at each step 5-10 min), and kept at the final temperature for 30 min. Afterwards, the system was allowed to cool down to room temperature, keeping it under vacuum in the process.
Biodegradation capability study. Biodegradability of the obtained polymers was estimated under composting conditions. A sample sized 20x20x3 mm inside a stainless steel mesh casing was buried inside a compost heap comprising wetted minced plant matter, impregnated with an organomineral fertilizer solution also containing live culture of Bacillus subtilis strain 26D. Biodegradation extent was estimated by measuring the sample mass change. To do so, exhumed samples were washed with water, dried, and weighed. Afterwards, the samples were placed back into the compost for continued decomposition.
Results and discussion

Synthesis of poly(ethylene furan-2,5-dicarboxylate) (PEFDC).
The polymer obtained by the polycondensation of bis(2-hydroxyethyl) furan-2,5-dicarboxylate has molecular mass M w ≈ 34000, which is close to earlier described products (M w ≈ 44500 [15] (Fig. 2) . Table 1 represents the results of synthesizing block copolymers of PAL, FDCA, and ethylene glycol. The angelica lactone fraction in the block copolymers is 33-50 mol. % (based on monomeric angelica lactone links, the rest being monomeric ethylene dicarboxylate links).
The yield of polymers attains 60-70 %, their weight-average molecular weights attain 36-45 kDa. Table 1 represents the results of synthesizing block copolymers of PAL, FDCA, and ethylene glycol. The angelica lactone fraction in the block copolymers is 33-50 mol. % (based on * -molar ratio of FDCA : ethylene glycol : aAL in the reaction feedstock (based on monomeric links) ** -weight-average molecular weight of the polymers, viscometric determination ** -weight-average molecular weight of the polymers, viscometric determination Biodegradation rate is practically independent of the PAL content in the aAL:FDCA ratio range from 1:1 to 1:2. PEFDC that contains no poly(angelica lactone) blocks does not appreciably decompose under the studied conditions. This is consistent with earlier described stability of this polymer against biodegradation [10] . Poly(ethylene terephthalate) is also quite stable under these conditions, while its 
